In comparison with single junction solar cells constructed from only the wider band gap barrier material, quantum well solar cells (QWSCs) have the advantage of extending the spectral response to longer wavelengths, thus leading to an increase of the photocurrent. 1, 2 QWSCs typically have a p-i-n configuration with the quantum wells (QWs) embedded within the depleted intrinsic region, thus minimizing the steady-state charge carrier occupation of the QWs and preventing excessive QW induced carrier recombination. The total built-in electric field across the p-i-n junction is determined by the Fermi-level locations of the doped base and emitter layers, which are constructed from the wider band gap barrier material. Consequently, it is possible to independently optimize both the open-circuit voltage (V oc ) and short-circuit current (I sc ) of a QWSC which can lead to efficiencies beyond the single junction limit. [3] [4] [5] [6] However, it is generally observed experimentally that the incorporation of the narrower band gap QWs leads to a reduction of the V oc due to QW induced enhancement of carrier recombination. [7] [8] [9] QWSCs that consist of a variety of materials and band gaps have been studied extensively, and it has been reported that the addition of narrower band gap QWs increases the power conversion efficiency in comparison to single junction cells that are constructed from only the QW barrier material. 9 However, all such measurements have been performed using a light source with an equivalent temperature that is far from optimum for the semiconductor band gap being used. Therefore, there are no reports of QWSCs with an improved efficiency in comparison to a single junction cell with a band gap that is optimally matched to the spectrum of light used in the reported measurements. In other words no QWSC has been observed to exceed the Shockley-Queisser efficiency limit. Apart from efforts to break the Shockley-Queisser efficiency limit, QWs have the potential to increase the efficiency of multi-junction cells by improved matching of the currents of the constituent cells. For example, InGaAs QWs incorporated in the GaAs bottom cell of an InGaP/GaAs tandem cell can significantly improve current matching and cell efficiency. 10, 11 Recently
In 0.1 Ga 0.9 As/GaAs 0.93 P 0.07 QWs have been included in an InGaP/GaAs tandem solar cell in an effort to increase efficiency. 11 Previous publications in this area have concluded that minimizing carrier recombination is a necessary requirement for the development of high efficiency multi-junction solar cells that incorporate QWs.
A range of material systems have been used in experimental studies of QWSCs, including GaAs/AlGaAs, InGaAs/ GaAs, and InGaAs/InP. The most common and suitable material systems for the fabrication of III-V semiconductor QWSCs are type I heterojunctions, which tend to trap both electrons and holes and, thus, strongly influence carrier recombination. QWs that feature only bound-to-continuum (BC) transitions due to a lack of confined states for one type of carrier have been largely unexplored for solar cell applications. In this paper, we investigate a proposed QW structure that supports confined states for only the valence band and show that such a configuration can potentially result in a significant reduction in charge carrier recombination rates. A simplified band diagram of the proposed structure is shown in Fig. 1 , as implemented in the InGaAs/AlGaAs/GaAs material system. The effects of QW strain and the large difference between the conduction band (CB) electron and valence band heavy hole (HH) effective masses both serve to suppress bound conduction band states. The hydrostatic strain of an InGaAs QW pseudomorphically strained to a GaAs substrate increases the confinement of heavy hole states whereas it reduces the binding energy of conduction band states. The incorporation of relatively thin InGaAs QWs will tend to result in a reduced confinement energy for carriers with a smaller effective mass. In addition, by including thin layers of wider bandgap AlGaAs, the conduction band QW states are pushed further into the GaAs barrier continuum level.
There are two principal mechanisms that degrade the V oc of a QWSC: QW related recombination of photo-generated electron-hole pairs and an increase of the dark current due to a lowering of the dark current thermal activation energy. These two mechanisms are displayed in Fig. 2 . Previous experimental studies of quantum dot and QW solar cells have indicated that the reduction of Voc can be correlated directly with an increase in dark current, [12] [13] [14] [15] as shown schematically in Fig. 2 . In most QWSCs at room temperature, photogenerated carrier escape processes proceed at a faster rate than competing recombination processes, and therefore it can be assumed that all photocarriers contribute to the photocurrent. Due to modulation doping effects, carriers will occupy the QW layers nearest to the doped base and emitter layers. Thus, thermally injected carriers originating from the base and emitter only travel through part of the depletion region before they recombine with the heavily populated QWs nearest to the doped contact layers. Note that the occupancy of the QW layers due to a modulation doping effect is not associated with a thermal activation energy. Therefore the thermal activation energy associated with dark current transport is predominantly due to the transport of carriers from a doped contact layer to a QW layer part way across the depletion region. The thermal activation energy associated with such a transport event is lower than the built-in potential, which leads to an increase in the dark current. Electroluminescence measurements have confirmed that dark current recombination in QWSCs occurs almost exclusively within the QWs, particularly for structures with 5 or more QWs. 16 Solar cell dark current arises from non-equilibrium processes, and for a QWSC it is dependent on the rate of carrier injection into the depletion region and the probability that such carriers relax into QW confined states and recombine before being thermally emitted from the QW. Thus, eliminating confined CB states dramatically reduces the probability of thermally injected electrons being captured by the QWs, therefore reducing the probability of recombination. Although injected holes have a high probability of being captured by the QWs, they are less likely to recombine if there are no trapped electrons occupying the QWs.
Other novel QWSC structures have been explored in an attempt to minimize photocarrier recombination and maximize the open-circuit voltage. Shiotsuka et al. reported on an experimental study of QWSCs based on QWs with a stepped potential profile. 17, 18 By employing a stepped profile it is suggested that faster QW carrier escape times can be achieved ideally leading to a reduction of carrier recombination. Welser et al. recently employed a similar scheme and compared the Voc of stepped QWs with that of standard QWSCs, demonstrating an improved Voc, albeit for a single stepped QW unit with a relatively wide QW bandgap of 1.32 eV. 19 The central idea of a stepped QWSC is to engineer QWs with a number of closely spaced energy levels (%35 meV) such that carriers are rapidly excited to higher energy levels by thermal excitation, resulting in an enhanced thermionic emission rate from the QWs in comparison to a regular QW structure. A careful consideration of the band structure of stepped potential profile QWs and the effect on carrier emission rates is required, since a greater density of closely spaced QW subband levels also implies efficient carrier relaxation. The BC structure presented in this paper supports no confined CB states so the effective escape time of electrons is the tunnelling rate through the double barrier QW structure.
The absorption spectrum of the proposed QW structure shown in Fig. 1 has been calculated using an 8-band k Á p model 20 with material parameters from Vurgaftman et al.,
21
without including excitonic effects. The normal incidence absorption strength for a single quantum well layer is shown in Fig. 3 The BC QW only supports one significant bound valence band state, and, therefore, the absorption spectrum for the energy region below the GaAs bandgap is dominated by transitions from this valence band to conduction band states with an energy greater than the GaAs band edge. The calculated conduction band confinement energy of 30 meV for the In 0.18 Ga 0.82 As/GaAs QW is rather low when compared to an unstrained InAs/GaAs conduction band offset of 0.89 eV. In addition to strain and the small conduction band effective mass, the bowing parameter of À0.38 eV for the InAs/GaAs valence band offset 21 results in higher computed conduction band energies for InGaAs/GaAs QWs. It should, however, be noted that there is significant uncertainty in the values for the GaAs/InAs valence band offset and its bowing parameter. 21 Despite the absence of bound CB states, the BC QW can still achieve an absorption strength that is comparable to that of the 5 nm In 0.18 Ga 0.82 As/GaAs QW. The effects of QW confinement on the absorption strength of the BC structure has been investigated by undertaking calculations for a variety of QW widths, the results of which are shown in Fig. 3 . The QW width is found to influence both the rate at which the absorption strength increases with energy and the maximum obtained value. It is important to note that the BC QW exhibits absorption strengths similar to regular QWs because of the high degree of spatial overlap between the HH ground state and quasi-bound CB envelope wavefunctions. Within the eight-band k Á p model, the optical absorption cross section between an initial VB state, jii, and a final CB state, jf i, is given by
where e is the charge of an electron, m 0 is the electron rest mass, e 0 is the permittivity of free space, c is the speed of light in vacuum, n is the refractive index, and x is the angular frequency of the transition. The momentum operator, p, acts between the initial and final states and e is the polarization vector of the absorbed light. For these calculations it is assumed that light is incident perpendicular to the plane of the QW. Expanding out the action of the momentum operator and noting that hu n ju n 0 i % d n;n 0 ,
where ju n i is the eight Bloch basis functions and jw n i is the corresponding envelope wavefunctions. Since the VB ground state subband predominantly has a HH character, the optical absorption cross section for transitions from the ground state subband is dependent on the following term:
Since jhu HH jp Á eju CB ij remains constant, the absorption strength depends on the envelope wavefunction overlap term, jhw HH jw CB Þij. The CB envelope wavefunctions, jw CB i, are approximately complete and orthogonal. Therefore, the ground state HH envelope wavefunction can be expressed uniquely as a linear combination of the CB states
where the a n terms are weighting coefficients and w n CB correspond to all the CB states. Considering transitions from an initial VB state to all final CB states, the total sum absorption strength to all transitions is limited by the term X n jhw HH jw
If the quasi-bound CB states have a large wavefunction overlap with the HH ground state, then the CB states of higher energy will have a small overlap with the HH ground state wavefunction. Under such conditions the optical absorption near the QW band gap is high. The BC QW can have large absorption near the QW band gap because the potential of the InGaAs QW results in quasi-bound states with a large wavefunction component within the QW region. Although these quasi-bound states have an energy that is very close to the GaAs bandedge, they have a large percentage of wavefunction that occupies the InGaAs QW. The energies at which the CB states become quasi-bound to the InGaAs QWs depend on the thickness of the InGaAs QW. For large InGaAs well widths the quasi-bound states have an energy close to the GaAs bandedge, and as the thickness is reduced the quasi-bound states increase in energy. This is reflected in the absorption spectra of Figure 3 . In general, a single QW absorbs of the order of 1% of the light incident upon it, which dictates that stacks with a large number of QWs are required to obtain a high level of light absorption and, hence, quantum efficiency. The use of textured dielectric thin film techniques that result in incident light making multiple passes through the cell can be of particular benefit to QWSCs in order to obtain a larger Isc. However, it should be noted that the full benefits that photon recycling can bring to minimizing solar cell dark current can only be obtained for a strong absorber. 22 The compressive strain in the InGaAs QWs can be balanced by the incorporation of a small amount of phosphorus in the GaAs barrier layers (GaAs 1-x P x ). However, the local InGaAs QW strain is high, and so this approach can compromise the material quality. In addition, the width of the QW band gap is limited to energies close to that of the GaAs barrier. Adding small amounts of Sb to the InGaAs QW could be an ideal way of increasing the VB binding energy resulting in a narrower QW band gap. GaSb has a large VB offset potential, and GaAs/GaSb forms a type II hetero-junction with CB electrons confined to the GaAs layers. Therefore adding small amounts of Sb to the InGaAs QW will enhance the VB confinement potential while reducing the CB confinement potential. Unfortunately, GaAsSb/GaAs QWs are not suitable for BC structures because it is not possible to create quasi-confinement of CB wavefunctions in the GaAsSb QW, since its CB potential is greater than that of GaAs.
The InAlAs/InAlP/InP material system is also suitable for the fabrication of BC QWSCs. Calculations for a set of In 0.7 Al 0.3 As/Al 0.08 In 0.92 P/InP QWs are shown in Fig. 4 . Deeper VB confinement energies are possible for this material system since InP has a relatively large unstrained VB offset potential of À0.98 eV compared with GaAs, which is À0.8 eV. The relatively shallow conduction band confinement potential of the strained In 0.7 Al 0.3 As layer allows it to be significantly thicker while maintaining no bound conduction band states. Calculations indicate that 8 nm is the upper thickness limit of this layer in order to ensure that there are no bound states. Since the QW is relatively thick and the VB potential offset is larger, a number of bound VB states are supported, the first three of which are shown in Fig. 4 . The first two subbands with binding energies of 279 meV and 243 meV are heavy hole subbands, and the one at 183 meV is a light-hole subband. The second heavy hole subband to quasi-bound CB absorption is evidently weak, which is due to differences in the symmetries of the envelope wavefunctions of these subbands. In general, the absorption strength of the BC structures can be very similar to regular type-I QWs provided the QW width and potential are designed such that the QW CB states are quasi-bound with an energy close to the GaAs barrier band-edge.
Although the BC QW can exhibit an absorption strength similar to a regular QW without the trapping of electrons, the ultimate performance limitations of a solar cell incorporating this type of QW is dependent on a number of complicated and inter-related factors. For a given QW band gap, holes in a BC QW will have a greater binding energy than a regular QW. Therefore longer thermal emission time constants can be expected for holes. Also, holes occupy those QWs nearest the p-doped base layer, which influences the electric field throughout the structure which, in-turn, affects the transportation of dark current electrons.
In summary, QWSC structures with QWs that support only bound valence band states have been proposed as an alternative to standard QWs due to the potential benefit of reduced carrier recombination as a consequence of suppression of electron trapping. Calculations indicate that the absorption strength of the bound-to-continuum transitions of these structures is very similar to regular QWs. Strong absorption results from the quasi-bound nature of the conduction band states, which is a consequence of the attractive potential of the QW. 
